Effect of side-specific valvular shear stress on the content of extracellular matrix in aortic valves by Mongkoldhumrongkul, N et al.
Effect of Side-Speciﬁc Valvular Shear Stress on the Content
of Extracellular Matrix in Aortic Valves
NAPACHANOK MONGKOLDHUMRONGKUL, NAJMA LATIF, MAGDI H. YACOUB, and ADRIAN H. CHESTER
Imperial College, NHLI, Heart Science Centre, Hareﬁeld, Middlesex UB9 6JH, UK
(Received 28 June 2016; accepted 17 September 2016)
Associate Editors Hanjoong Jo and Ajit P. Yoganathan oversaw the review of this article.
Abstract—Responses of valve endothelial cells (VECs) to
shear stresses are important for the regulation of valve
durability. However, the effect of ﬂow patterns subjected to
VECs on the opposite surfaces of the valves on the
production of extracellular matrix (ECM) has not yet been
investigated. This study aims to investigate the response of
side-speciﬁc ﬂow patterns, in terms of ECM synthesis and/or
degradation in porcine aortic valves. Aortic and ventricular
sides of aortic valve leaﬂets were exposed to oscillatory and
laminar ﬂow generated by a Cone-and-Plate machine for
48 h. The amount of collagen, GAGs and elastin was
quantiﬁed and compared to samples collected from the same
leaﬂets without exposing to ﬂow. The results demonstrated
that ﬂow is important to maintain the amount of GAGs and
elastin in the valve, as compared to the effect of static
conditions. Particularly, the laminar waveform plays a
crucial role on the modulation of elastin in side-independent
manner. Furthermore, the ability of oscillatory ﬂow on the
aortic surface to increase the amount of collagen and GAGs
cannot be replicated by exposure of an identical ﬂow pattern
on the ventricular side of the valve. Side-speciﬁc responses to
the particular patterns of ﬂow are important to the regulation
of ECM components. Such understanding is imperative to
the creation of tissue-engineered heart valves that must be
created from the ‘‘appropriate’’ cells that can replicate the
functions of the native VECs to regulate the different
constituents of ECM.
Keywords—Side-speciﬁc valve endothelial cells, Aortic side,
Ventricular side, Aortic ﬂow (oscillatory ﬂow), Ventricular
ﬂow (laminar ﬂow).
INTRODUCTION
Heart valve endothelial cells (VECs) play an
important role in maintaining valve integrity, in a
similar way as vascular endothelial cells (ECs) do in
blood vessels. For instance, VECs regulate inﬂamma-
tory reactions between blood and the valve,12 deliver
nutrients to the underlying valve interstitial cells
(VICs) and regulate the phenotype of the VICs.3,25
Moreover, they release vasodilator and vasoconstrictor
agents that affect the contractility of the valve and
regulate valve’s mechanical properties.5,10,15,19 In
addition to the regulation of valvular homeostasis,
VECs are also thought to be VIC progenitor cells and
replenish VICs via the activation of endothelial to
mesenchymal transformation (EndMT).13,14,27
Although VECs share some function with vascular
ECs, studies at the genetic and molecular level reveal
diﬀerent transcription proﬁles and signalling pathways
between VECs and the adjacent ECs from the aorta.4,6
Additionally, there are an increasing number of studies
demonstrating the phenotypic heterogeneities of VECs
on the aortic surface (AS) and ventricular surface (VS)
of the aortic valve. These include a differential gene
transcription proﬁle,22 differential production of NOS
III and Cx43 proteins and the differential expression of
miRNA-70 in a ﬂow-pattern independent manner.7,8,21
VECs on the aortic valve surfaces are exposed to
shear stresses during every cardiac cycle. It is certain that
VECs and VICs respond to their hemodynamic envi-
ronment, which can inﬂuence/determine their ability to
interact with each other and to aﬀect the remodeling of
valve extracellular matrix (ECM), which is mainly
composed of collagen in the ﬁbrosa (aortic side), gly-
cosaminoglycans (GAGs) in the middle and elastin in
the ventricularis (ventricular side). The eﬀect of laminar
shear stress on the production ofGAGshas been studied
in the porcine aortic valve leaﬂets ex vivo.26 It was
demonstrated that the leaﬂets that were subjected to
laminar ﬂow maintained the amount of GAG synthesis
to a similar extent to that of fresh tissue. In contrast, the
leaﬂet kept in a static mechanical environment had an
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increased production of GAGs and total proteins. The
importance of interactions between VICs and VECs has
also been investigated. Under both static and ﬂow con-
ditions, the presence of VECs increased the amount of
GAGs in a scaffold containing VICs compared to scaf-
folds without VECs.3
Nonetheless, the response of side-speciﬁc VECs to
the unique shear stress patterns and their eﬀect on VIC
function has not been investigated. There is, however,
an interesting observation revealing the ﬂow-indepen-
dent response of VECs from the diﬀerent surfaces of
the valve. VECs on the aortic surface (aVECs) and
those on the ventricular surface (vVECs) of the valve
segments responded diﬀerently to the same patterns of
shear stress, in terms of the expression of inﬂammatory
mediators,23 suggesting that aVECs and vVECs have
unique properties which are independent of the ﬂow
patterns.
This study aims to investigate whether there is a
diﬀerential response to the ﬂow conditions experienced
by the AS and VS of the valve in terms of regulation of
ECM production by the valve. With reference to levels
of collagen, GAGs and elastin, the respective surfaces
of porcine aortic valves were exposed to their physio-
logical pattern of ﬂow, as well as the reversed pattern
of ﬂow seen by the opposing side using a purpose built
bioreactor.24
MATERIALS AND METHODS
Porcine Aortic Valve Tissue
Porcine hearts were obtained from a slaughterhouse
(Turner’s Abattoir, Farnham, Hampshire UK). The 3
leaﬂets of aortic valve were dissected under sterile con-
dition with minimal contact to the surface of the valves
and washed with PBS twice. Each leaﬂet was divided
into to two equal portions through the middle of the
valve in the radial direction and identical portions from
the belly area of each half were dissected out for the
experiments. Some samples of valve cuspwere processed
immediately in order to establish the ECM protein
content for comparative purposes to fresh tissue (FT).
ECM Production of Aortic Valves Under Various
Mechanical Conditions
Tissue was mounted into the ﬂow chamber dishes of
a Cone-and-Plate bioreactor in order to subject the
tissue to diﬀerent patterns of ﬂow.24 One piece of tis-
sue, the static control (SC) was used as a reference by
maintaining in the ﬂow chamber for 48 h but not
exposing it to ﬂow conditions, while another piece of
tissue, from the same leaﬂet, was exposed either to the
oscillatory ﬂow (8 to +10 dyn/cm2 at 1 Hz) normally
experienced by the aortic surface of the valve, and re-
ferred as the aortic ﬂow (AF) or the laminar shear
stress experienced by the ventricular surface of the
valve (0–79 dyn/cm2 at 1 Hz) that is referred to as the
ventricular ﬂow (VF). It has previoulsy been shown
that normal cell morphology and viability were main-
tained after culture in the cone-and-plate bioreactor
for up to 120 h.24
During the static incubation and the exposure to
ﬂow conditions, tissues were maintained in DMEM
containing 0.4% FBS and maintained in an incubator
containing humidiﬁed air with 5% CO2 at 37 C. After
48 h of static and ﬂow incubation, the tissues were then
dried at 40C on a metal heating plate overnight, cut
into small pieces and weighed before extraction and
measurement of ECM components.
Collagen was extracted from the dried samples by
using 10 mg/ml of pepsin (Sigma-Aldrich, UK) in
0.5 M acetic for 2 days and the content of collagen was
measured using Sircol kit (Biocolor, UK). The amount
of GAGs in the dried tissue was extracted and quan-
tiﬁed by employing 20 mg/ml papain (Sigma-Aldrich,
UK) and a Blyscan kit (Biocolor, UK). Elastin was
solubilised from the dried tissue by 0.25 M hot oxalic
acid (Sigma-Aldrich, UK) and measured by Fastin kit
(Biocolor, UK).
The ECM content of fresh tissue (immediately after
dissection from the heart) was also investigated to
show the respective amounts of ECM prior to any
intervention. The amount of ECM in the tissue that
was cultured under normal shear stresses (AS/AF and
VS/VF) was compared to the leaﬂets kept under static
conditions (SC), for 48 h. Further insights in the eﬀect
of side-speciﬁc VECs and the ﬂow patterns were
studied by investigating the response of VECs to the
reverse pattern of ﬂow (AS/VF and VS/AF).
Data and Statistic Analysis
The amount of collagen, GAGs and elastin was
reported in lg per mg of (dried) tissue and represented
in box-and-whiskers plot by Graphpad Prism 5. The
band inside the box depicts the median. The top and
bottom of the box display the third and the ﬁrst quar-
tiles, respectively, and the length of the box is the
interquartile range (IQR). In these studies, the whiskers
illustrate the maximum and minimum of the data set.
The groups of data were analysed statistically by a
non-parametric one-way ANOVA or Kruskal–Wallis
Test where appropriate. Multiple pair-wise tests were
further evaluated using a Dunn’s Test. P values less
than 0.05 were considered to be signiﬁcantly different.
Values for p and n numbers are given in the ﬁgure le-
gends.
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RESULTS
The Eﬀect of Shear Stresses on the Content of Collagen
The collagen content of leaﬂets that were main-
tained at SC for 48 h was not signiﬁcantly diﬀerent to
that measured in FT. The median values of collagen
content of FT and SC were 4.632 and 4.948 lg colla-
gen/mg, respectively. When the AS was exposed to AF
the amount of collagen signiﬁcantly increased to
32.56 lg collagen/mg as compared to the FT, p< 0.05.
In contrast, when the VS was exposed to VF there was
a trend for collagen content to increase (to 13.98 lg
collagen/mg), but this was not statistically different
from FT or SC samples (Fig. 1).
The Eﬀect of Reversed Side-Speciﬁc Shear Stress on the
Content of Collagen
The median values of collagen content in leaﬂets
when the AS was exposed to either the AF or VF were
32.56 and 16.28 lg collagen/mg, respectively, however
this eﬀect did not prove to be statistically signiﬁcant.
The median values of VS/VF and VS/AF were 13.98
and 7.039 lg collagen/mg dried tissue, respectively,
which again, while changed was not signiﬁcantly dif-
ferent (Fig. 2).
The Eﬀect of Shear Stresses on the Content of GAGs
The amount of GAGs was signiﬁcantly reduced
when the leaﬂets were kept at the static condition for
48 h as compared to the fresh tissue (Fig. 3). The
median value of FT was 32.68 lg/mg and it was re-
duced to 21.37 in the SC samples, p< 0.05. However,
the amount of GAGs increased in the tissues where the
AS was exposed to the AF for 48 h. The median value
of 47.14 lg/mg for AS/AF tissue was signiﬁcantly
higher than that seen in FT and SC (p< 0.05 and
p< 0.001, respectively). However, the amount of
GAGs remained unchanged in the tissues when the VS
was exposed to VF, with median values of 33.33 lg/
mg, compared to FT or SC.
The Eﬀect of Reversed Side-Speciﬁc Shear Stress on the
Content of GAGs
The eﬀect of reversed ﬂow patterns on the amount
of GAGs was assessed and shown in Fig. 4. The
median value of GAG content in valves where AF was
exposed to the AS for 48 h was 47.14 lg/mg, which
was signiﬁcantly reduced to 28.39 lg/mg when the
same pattern of ﬂow was exposed to the VS (p< 0.001)
(Fig. 4). However, the effect of VF appears to main-
tain the amount of GAGs at the same level irrespective
of which surface of the valve it is exposed to, with
median levels of GAGs being 33.33 and 35.08 lg/mg in
the VS/VF and the AS/VF groups, respectively.
Moreover, the side-speciﬁc effect was not prominent.
There was no signiﬁcant difference observed when the
AS/AF compared to AS/VF and the VS/VF compared
to VS/VF, although there was a trend of decreasing
amount of GAGs when the AS and VS were exposed
to the reverse ﬂow.
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FIGURE 1. The effect of shear stresses on the amount of
collagen in the aortic valves. The amount of collagen was
reported in lg collagen per mg dried tissue from fresh tissue
(FT), static control (SC) for 48 h and the mimicked physio-
logical flow conditions for 48 h on the aortic side (AS/AF) and
ventricular side (VS/VF). The median values were statistically
analysed by Kruskal–Wallis test and pair-wise compared by
Dunn’s Test. The amount of collagen in AS/AF samples was
significantly higher than FT samples (p value<0.05), n num-
bers of each group were FT 5 6, CS 5 6, AS/AF 5 9 and VS/
VF 5 9.
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FIGURE 2. The effect of side-specific flow patterns on the
amount of collagen in the aortic valves. The amount of col-
lagen was investigated in the valves that were subjected to the
normal flow (AS/AF and VS/VF) and changed flow (AS/VF and
VS/AF) for 48 h. The median values were statistically analysed
by Kruskal–Wallis test and pair-wise compared by Dunn’s
test. There was no statistically significant difference among
all groups, n numbers of each group were AS/AF 5 9, AS/
VF 5 8, VS/VF 5 9 and VS/AF 5 6.
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The Eﬀect of Shear Stresses on the Content of Elastin
The amount of elastin found in the SC was signiﬁ-
cantly reduced when compared to those in the FT and
in the leaﬂets where the VS was exposed to VF. The
median value of elastin content in SC was 56.20 lg/
mg, which was signiﬁcantly decreased from 75.70 lg/
mg in FT, p< 0.001 (Fig. 5). Although there was a
trend of decreasing amount of elastin in AS/AF group
to 62.37 lg/mg, the elastin content remained un-
changed from FT, SC or the VS/VF groups. However,
when the VS was exposed to VF the median elastin
content rose to 74.13 lg/mg dried tissue which was
signiﬁcantly increased compared to the SC group,
p< 0.01 (Fig. 5).
The Eﬀect Reversed Shear Stress on the Content of
Elastin
When VF was generated on the AS, it signiﬁcantly
increased the median value of elastin content to
76.18 lg/mg compared to 62.37 lg/mg to when the AS
was exposed to AF, p< 0.05 (Fig. 6). The increased
amount of elastin when the AS was exposed to VF was
similar to when the VS was exposed to VF. However,
when AS/AF was compared to VS/VF, there was no
signiﬁcant difference observed. Moreover when the VS
was exposed to AF there was more variance in the
measurement of elastin content than the VS/VF group,
but the median value of 72.43 lg/mg remained un-
changed from the VS/VF group.
DISCUSSION
This study highlights the important regulatory role
that ﬂow over the surface of the valve has on the cells
within the valve. We have previously shown that the
heterogeneity in the mechanical properties of VECs
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FIGURE 3. The effect of shear stresses on the amount of
GAGs in the aortic valves. The amount of GAGs was reported
as lg GAGs per mg dried tissue from fresh tissue (FT), static
control (SC) for 48 h and the mimicked physiological flow
conditions for 48 h on the aortic side (AS/AF) and ventricular
side (VS/VF). The median values were statistically analysed by
Kruskal–Wallis Test and pair-wise compared by Dunn’s Test.
The amount of GAGs in AS/AF samples was significantly
higher than FT and SC samples while the amount in SC
samples was significantly reduced from FT. P values less than
0.05 and 0.001 were represented by * and ***, respectively. n
numbers of each group were FT 5 24, CS 5 20, AS/AF 5 6
and VS/VF 5 6.
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FIGURE 4. The effect of side-specific flow patterns on the
amount of GAGs in the aortic valves. The amount of GAGs
was investigated in valves that were subjected to the normal
flow (AS/AF and VS/VF) and changed flow (AS/VF and VS/AF)
for 48 h. The median values were statistically analysed by
Kruskal–Wallis test and pair-wise compared by Dunn’s test.
The amount of GAGs in VS/AF was significantly reduced
compared to the AS/AF samples (p value <0.001). All samples
had n numbers 5 6.
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FIGURE 5. The effect of shear stresses on the amount of
elastin in the aortic valves. The amount of elastin was
reported as lg elastin per mg dried tissue from fresh tissue
(FT), static control (SC) for 48 h and the mimicked physio-
logical flow conditions for 48 h on the aortic side (AS/AF) and
ventricular side (VS/VF). The median values were statistically
analysed by Kruskal–Wallis test and pair-wise compared by
Dunn’s test. The amount of elastin in VS/VF samples was
significantly higher than SC (p value <0.01) while the amount
in SC samples was significantly reduced from FT (p value
<0.001), n numbers of each group were FT 5 28, CS 5 19, AS/
AF 5 8 and VS/VF 5 9.
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from each side of the valve appear to be characteristics
of the cells themselves, rather than the eﬀects of the
diﬀerent patterns of ﬂow to which they are exposed.11
In this study we show that the responses of the valve
are regulated differently by the ﬂow patterns seen by
each surface of the valve. The response of the aortic
side to aortic ﬂow patterns increases the production of
collagen and GAGs, whereas the ventricular ﬂow
maintains the amount of elastin in the valve, in a side-
speciﬁc manner.
The aortic valve resides in a dynamic environment
and is exposed to mechanical forces during every car-
diac cycle. The eﬀects of stretch and pressure have been
demonstrated to aﬀect the production of ECM com-
ponents in the aortic valve.1,2,9 In a recent study by
Rathan and colleagues, porcine aortic valve cusps ex-
posed to AF and VF showed changes in the thickness
of the ﬁbrosa in response to AF.20 This corresponded
to histological changes in expression of collagen and
elastin. They also demonstrated differential expression
of miRNAs on either surface of the valve, some of
which were expressed in a shear-dependant manner.
The data from each study, while complementary, are
difﬁcult to compare directly due to the use of pre-
dominately qualitative data in the Rathan study and
quantitative assessments of ECM production in the
current study. The results of the Rathan study and
those presented here both highlight the important
modulatory role that the side-speciﬁc pattern of ﬂow
has on valve homeostasis.
The importance of mechanical stimulation in
maintaining the ECM components in the valve is
demonstrated by comparing the leaﬂets that were cul-
tured under static conditions to the fresh tissue. After
being kept in ﬂow-free conditions for 48 h, the amount
of GAGs and elastin were signiﬁcantly reduced, which
is consistent with the observations in studies on valves
by other authors.9 In contrast, the amount of collagen
remains the same in SC and FT samples, which can
potentially be explained by a balance in the activity of
enzymes involved in collagen synthesis and degrada-
tion.1,9 These authors found that the production of
collagenase and the activities of gelatinase (MMP-2/9)
in SC for 48 h remained the same as the FT. The
greater amount of collagen produced by the AS is not
evident when the AS is exposed to VF. This may be
due to fact that VF (on the VS) of the porcine aortic
valves increases the collagenase activity of MMP-2 and
9, when compared to the control under static condi-
tions.16 The expression of MMP-2 and 9 and their
collagenase activities, should be investigated further to
determine if these effects are due to changes in syn-
thesis or degradation. With respect to GAGs and
elastin it appears that ﬂow serves to maintain their
expression. The effect of ﬂow on the balance between
synthesis and degradation of these ECM components
requires further detailed study.
Similar to the response on the collagen content,
shear stress is important to maintain the amount of
GAGs in the valve. The physiological conditions
experienced speciﬁcally by the aortic side (AS/AF) can
increase the amount of GAGs. Steady laminar shear
stress maintained the amount of GAGs, as was previ-
ously demonstrated by another study.26 The side of the
aortic valve leaﬂets that was exposed to ventricular
ﬂow was not identiﬁed in their studies. However, the
similar results are observed in the current study, in that
both VS/VF and AS/VF maintain the amount of
GAGs when compared to the native valves.
Mechanical shear stress plays an important role in
the regulation of the elastin content in the valves. The
amount of elastin is signiﬁcantly reduced when
mechanical forces are absent for 48 h, but can be
maintained to the same level as FT by applying VF on
the VS. However, this response is not observed by the
AF eﬀect on the AS. This may be attributed to the
activities of shear-sensitive elastase, cathepsin K and L,
since their activities are inhibited by ventricular ﬂow
but increased by the aortic ﬂow.16–18 This concept is
further supported by the data that show the effect of
VF on elastin content is not dependent on the side to
which it is exposed.
There are a number of limitations to these studies.
The ECM components observed are the total amount
produced by VECs and VICs. Moreover, it could not
exclude the eﬀect of VECs on the side that was not
exposed to the ﬂow. For that reason, the localisation of
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FIGURE 6. The effect of side-specific flow patterns on the
amount of elastin in the aortic valves. The amount of elastin
was assessed in the valves that were subjected to the normal
flow (AS/AF and VS/VF) and changed flow (AS/VF and VS/AF)
for 48 h. The median values were statistically analysed by
Kruskal–Wallis test and pair-wise compared by Dunn’s test.
The amount of elastin in AS/VF was significantly increased
from the AS/AF samples (p value <0.05). n numbers of each
samples were AS/AF 5 8, AS/VF 5 6, VS/VF 5 9 and VS/
AF 5 9.
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collagen, GAGs and elastin, including ﬂow-sensitive
matrix remodelling enzymes (MMPs, TIMPs, and
cathepsins) should be investigated in order to deter-
mine the response of VECs and VICs to the shear
stresses. The duration of these experiments did not
allow for assessment of structural and functional
changes of the valve tissue used, such as changes in
collagen ﬁbre alignment/mechanical properties (stiﬀ-
ness), levels of collagen crosslinking in newly synthe-
sised collagen or initiation of the calciﬁcation process.
This is clearly where future work needs to be per-
formed to accurately determine the balance between
synthesis and degradation under each of the ﬂow
conditions and on each of side of the valve.
CONCLUSION
This study additionally highlights the crucial role of
ﬂow patterns on the modulation of ECM components.
These observations are not only important for our
understanding of the complex biology and sophisti-
cated function of heart valves, but also have important
implications for those who aim to replicate their
function by creating tissue engineered valves.
ACKNOWLEDGMENTS
The authors would like to thank the Royal Thai
Government for the ﬁnancial support of NM’s Ph.D.,
theMagdi Yacoub Institute for the facilities to carry out
the experiments, andDr. Jerome Sohier for his technical
advice. We would also like to thank Turner’s Abattoir,
Farnham, Hampshire for supplying the pig hearts.
AUTHOR’S CONTRIBUTIONS
NM carried out all experiments and participated in
conception and design, analysis and interpretation of
data as well as drafting the manuscript. MY, NL pro-
vided conceptual advice and participated in the prepa-
ration of manuscript. AC participated in conceptual
design, experimental design, analysis and interpretation
of data, and the preparation of manuscript. All authors
read and approved the ﬁnal manuscript.
CONFLICT OF INTERTEST
Napachanok Mongkoldhumrongkul, Najma Latif,
Magdi H. Yacoub and Adrian H. Chester declare that
they have no conﬂict of interest.
ETHICAL STATEMENT
Pig hearts from the abattoir were obtained and used
with the approval and in accordance with the guideli-
nes of NHLI and Magdi Yacoub Institution.
OPEN ACCESS
This article is distributed under the terms of the
Creative Commons Attribution 4.0 International Li-
cense (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and re-
production in any medium, provided you give appro-
priate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and
indicate if changes were made.
REFERENCES
1Balachandran, K., S. Konduri, P. Sucosky, H. Jo, and A.
P. Yoganathan. An ex vivo study of the biological prop-
erties of porcine aortic valves in response to circumferential
cyclic stretch. Ann. Biomed. Eng. 34:1655–1665, 2006. doi:
10.1007/s10439-006-9167-8.
2Balachandran, K., P. Sucosky, H. Jo, and A. P. Yoga-
nathan. Elevated cyclic stretch alters matrix remodeling in
aortic valve cusps: implications for degenerative aortic
valve disease. Am. J. Physiol. 296:H756–H764, 2009. doi:
10.1152/ajpheart.00900.2008.
3Butcher, J. T., and R. M. Nerem. Valvular endothelial cells
regulate the phenotype of interstitial cells in co-culture:
effects of steady shear stress. Tissue Eng. 12:905–915, 2006.
doi:10.1089/ten.2006.12.905.
4Butcher, J. T., A. M. Penrod, A. J. Garcia, and R. M.
Nerem. Unique morphology and focal adhesion develop-
ment of valvular endothelial cells in static and ﬂuid ﬂow
environments. ATVB 24:1429–1434, 2004. doi:
10.1161/01.ATV.0000130462.50769.5a.
5El-Hamamsy, I., K. Balachandran, M. H. Yacoub, L. M.
Stevens, P. Sarathchandra, P. M. Taylor, et al. Endothe-
lium-dependent regulation of the mechanical properties of
aortic valve cusps. JACC 53:1448–1455, 2009. doi:
10.1016/j.jacc.2008.11.056.
6Farivar, R. S., L. H. Cohn, E. G. Soltesz, T. Mihaljevic, J.
D. Rawn, and J. G. Byrne. Transcriptional proﬁling and
growth kinetics of endothelium reveals differences between
cells derived from porcine aorta versus aortic valve. Euro.
J. Cardio Thorac. Surg. 24:527–534, 2003.
7Holliday, C. J., R. F. Ankeny, H. Jo, and R. M. Nerem.
Discovery of shear- and side-speciﬁc mRNAs and miRNAs
in human aortic valvular endothelial cells. Am. J. Physiol.
301:H856–H867, 2011. doi:10.1152/ajpheart.00117.2011.
8Inai, T., M. R. Mancuso, D. M. McDonald, J. Kobayashi,
K. Nakamura, and Y. Shibata. Shear stress-induced
upregulation of connexin 43 expression in endothelial cells
on upstream surfaces of rat cardiac valves. Histochem. Cell
Biol. 122:477–483, 2004. doi:10.1007/s00418-004-0717-6.
9Konduri, S., Y. Xing, J. N. Warnock, Z. He, and A. P.
Yoganathan. Normal physiological conditions maintain
MONGKOLDHUMRONGKUL et al.
the biological characteristics of porcine aortic heart valves:
an ex vivo organ culture study. Ann. Biomed. Eng. 33:1158–
1166, 2005. doi:10.1007/s10439-005-5506-4.
10Ku, D. D., J. M. Nelson, J. B. Caulﬁeld, and M. J. Winn.
Release of endothelium-derived relaxing factors from ca-
nine cardiac valves. J. Cardiovas. Pharmacol. 16:212–218,
1990.
11Miragoli, M., M. H. Yacoub, I. El-Hamamsy, J. L. San-
chez-Alonso, A. Moshkov, N. Mongkoldhumrongkul,
et al. Side-speciﬁc mechanical properties of valve
endothelial cells. Am. J. Physiol. 307:H15–H24, 2014. doi:
10.1152/ajpheart.00228.2013.
12Muller, A. M., C. Cronen, L. I. Kupferwasser, H. Oelert,
K. M. Muller, and C. J. Kirkpatrick. Expression of
endothelial cell adhesion molecules on heart valves: up-
regulation in degeneration as well as acute endocarditis. J.
Pathol. 191:54–60, 2000. doi:10.1002/(SICI)1096-
9896(200005)191:1<54::AID-PATH568>3.0.CO;2-Y.
13Paranya, G., S. Vineberg, E. Dvorin, S. Kaushal, S. J.
Roth, E. Rabkin, et al. Aortic valve endothelial cells
undergo transforming growth factor-beta-mediated and
non-transforming growth factor-beta-mediated transdif-
ferentiation in vitro. Am. J. Pathol. 159:1335–1343, 2001.
14Paruchuri, S., J. H. Yang, E. Aikawa, J. M. Melero-Mar-
tin, Z. A. Khan, S. Loukogeorgakis, et al. Human pul-
monary valve progenitor cells exhibit endothelial/
mesenchymal plasticity in response to vascular endothelial
growth factor-A and transforming growth factor-beta2.
Circ. Res. 99:861–869, 2006. doi:10.1161/01.RES.
0000245188.41002.2c.
15Peltonen, T., P. Taskinen, J. Napankangas, H. Leskinen, P.
Ohtonen, Y. Soini, et al. Increase in tissue endothelin-1 and
ETA receptor levels in human aortic valve stenosis. Eur.
Heart J. 30:242–249, 2009. doi:10.1093/eurheartj/ehn482.
16Platt, M. O., R. F. Ankeny, and H. Jo. Laminar shear
stress inhibits cathepsin L activity in endothelial cells.
ATVB 26:1784–1790, 2006. doi:10.1161/01.ATV.
0000227470.72109.2b.
17Platt, M. O., R. F. Ankeny, G. P. Shi, D. Weiss, J. D. Vega,
W. R. Taylor, et al. Expression of cathepsin K is regulated
by shear stress in cultured endothelial cells and is increased
in endothelium in human atherosclerosis. Am. J. Physiol.
292:H1479–H1486, 2007. doi:10.1152/ajpheart.00954.2006.
18Platt, M. O., Y. Xing, H. Jo, and A. P. Yoganathan. Cyclic
pressure and shear stress regulate matrix metallopro-
teinases and cathepsin activity in porcine aortic valves. J.
Heart Valve Dis. 15:622–629, 2006.
19Pompilio, G., G. Rossoni, A. Sala, G. L. Polvani, F. Berti,
L. Dainese, et al. Endothelial-dependent dynamic and
antithrombotic properties of porcine aortic and pulmonary
valves. Ann. Thorac. Surg. 65:986–992, 1998.
20Rathan, S., C. J. Ankeny, S. Arjunon, Z. Ferdous, S. Kumar,
J. Fernandez Esmerats, et al. Identiﬁcation of side- and shear-
dependent microRNAs regulating porcine aortic valve
pathogenesis.Sci. Rep. 6:25397, 2016. doi:10.1038/srep25397.
21Richards, J., I. El-Hamamsy, S. Chen, Z. Sarang, P.
Sarathchandra, M. H. Yacoub, et al. Side-speciﬁc
endothelial-dependent regulation of aortic valve calciﬁca-
tion: interplay of hemodynamics and nitric oxide signaling.
Am. J. Pathol. 182:1922–1931, 2013. doi:10.1016/j.
ajpath.2013.01.037.
22Simmons, C. A., G. R. Grant, E. Manduchi, and P. F.
Davies. Spatial heterogeneity of endothelial phenotypes
correlates with side-speciﬁc vulnerability to calciﬁcation in
normal porcine aortic valves. Circ. Res. 96:792–799, 2005.
doi:10.1161/01.RES.0000161998.92009.64.
23Sucosky, P., K. Balachandran, A. Elhammali, H. Jo, and
A. P. Yoganathan. Altered shear stress stimulates upregu-
lation of endothelial VCAM-1 and ICAM-1 in a BMP-4-
and TGF-beta1-dependent pathway. ATVB 29:254–260,
2009. doi:10.1161/ATVBAHA.108.176347.
24Sucosky, P., M. Padala, A. Elhammali, K. Balachandran,
H. Jo, and A. P. Yoganathan. Design of an ex vivo culture
system to investigate the effects of shear stress on cardio-
vascular tissue. Biomech. Eng. 130:035001, 2008. doi:
10.1115/1.2907753.
25Tompkins, R. G., J. J. Schnitzer, and M. L. Yarmush.
Macromolecular transport within heart valves. Circ. Res.
64:1213–1223, 1989.
26Weston, M. W., and A. P. Yoganathan. Biosynthetic
activity in heart valve leaﬂets in response to in vitro ﬂow
environments. Ann. Biomed. Eng. 2:752–763, 2001.
27Wylie-Sears, J., E. Aikawa, R. A. Levine, J. H. Yang, and
J. Bischoff. Mitral valve endothelial cells with osteogenic
differentiation potential. ATVB 31:598–607, 2011. doi:
10.1161/ATVBAHA.110.216184.
Effect of Side-Speciﬁc Valvular Shear Stress
